Nitrogen-vacancy (NV) centers feature outstanding properties like a spin coherence time of up to one second as well as a level structure offering the possibility to initialize, coherently manipulate and optically read-out the spin degree of freedom of the ground state. However, only about three percent of their photon emission are channeled into the zero phonon line (ZPL), limiting both the rate of indistinguishable single photons and the signal-to-noise ratio (SNR) of coherent spin-photon interfaces. We here report on the enhancement of the SNR of the optical spin read-out achieved by tuning the mode of a two-dimensional photonic crystal (PhC) cavity into resonance with the NV-ZPL. PhC cavities are fabricated by focused ion beam (FIB) milling in thin reactive ion (RIE) etched ultrapure single crystal diamond membranes featuring modes with Q-factors of up to 8250 at mode volumes below one cubic wavelength. NV centers are produced in the cavities in a controlled fashion by a high resolution atomic force microscope (AFM) implantation technique. On cavity resonance we observe a lifetime shortening from 9.0 ns to 8.0 ns as well as an enhancement of the ZPL emission by almost one order of magnitude. Although on resonance the collection efficiency of ZPL photons and the spin-dependent fluorescence contrast are reduced, the SNR of the optical spin read-out is almost tripled for the cavity-coupled NV centers.
I. INTRODUCTION
The nitrogen-vacancy (NV) center, a point defect in diamond consisting of a lattice vacancy and an adjacent nitrogen substitution, has attracted a lot of interest during the past years owing to its outstanding optical and spin properties. [1] The triplet ground state exhibits two sublevels attributed to two spin projections m s = 0 and m s = ±1 of the NV electron spin. [2] In addition to an ultralong spin coherence time of more than one second at liquid helium temperatures, [3, 4] the NV center features spin-conserving optical transitions. [5] Furthermore, the electron spin may be coherently manipulated by microwave signals [6] and purely optically initialized as well as read-out. [7] Spin initialization and read-out are enabled by a spin-selective intersystem crossing (ISC) towards the singlet system: the long lifetime in the singlet system facilitates a spin-dependent fluorescence and a preferred decay towards the m s = 0 ground state, [8, 9] allowing for fast spin initialization. Spin polarizations of about 80 % at room temperature [10, 11] and over 99 % at liquid helium temperature [5] may be reached, as well as spin-dependent fluorescence contrasts of up to 30 % for an optical spin read-out under non-resonant laser excitation. [12] Besides the spin-dependent fluorescence contrast, the reliability of an optical spin read-out, designated as the signal-tonoise ratio (SNR), also depends on the detected photon count rate. The SNR for an optical measurement distinguishing between the two possible spin projections m s = 0 and m s = ±1 * christoph.becher@physik.uni-saarland.de of a NV center is defined as [13] 
Here N 0 (N 1 ) is the expectation value for the detected photon count rate when preparing the NV center in the spin projection m s = 0 (m s = ±1). Due to the Poisson-distribution of the photon count rate we expect that the random variables N 0 and N 1 are also Poisson-distributed, [14] hence their difference is Skellam-distributed with variance σ 2 = N 0 + N 1 . [15] As apparent in equation (1) , the SNR is mainly determined by the difference N 0 − N 1 . Normalized by N 0 , we obtain the already mentioned spin-dependent fluorescence contrast C = (N 0 − N 1 )/N 0 . With this measure we get the relation
As visible from equation (2), a large SNR of optical spin readout requires both a large collected photon rate and a large contrast of spin-dependent fluorescence. [16] In view of applications, a sufficiently large SNR facilitates the use of NV centers as quantum sensors for temperature, [17] pressure [18] as well as magnetic fields on the nanoscale [19] [20] [21] [22] or the verification of fundamental principles of quantum mechanics as for example demonstrated by a loophole free Bell test. [23] Furthermore, a high enough SNR in combination with the long spin coherence time enables the coupling of NV centers to nearby nuclear spins used as quantum bits [24] [25] [26] [27] or as building blocks of quantum repeaters. [28, 29] In particular, for an aspired scaling of quantum systems towards quantum networks, [30] a speed-up of the entanglement generation is a central requirement and hence a preferably large SNR desirable.
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The photon detection rate is usually limited by a non-perfect photon collection. Consequently, several approaches to enhance the collection efficiency have been followed by modifying the directivity of emission such as using an optimal crystal orientation, [31] fabricating solid immersion lenses around NV centers [5, 32] or incorporating NV centers in nanopillars, [33, 34] nanowires, [35] waveguides [36, 37] or metalenses. [38] Furthermore, the collection efficiency can be modified by coupling NV centers to whispering gallery [36, 39] or photonic crystal (PhC) cavities [40] [41] [42] [43] [44] as well as to plasmonic structures. [45, 46] In addition, by such a coupling the local density of states at the emitter's position and hence its spontaneous emission rate may be enhanced or, correspondingly, the spontaneous emission lifetime reduced by the Purcell-factor F. [47] In addition to a reduced lifetime, the coupling of NV centers to a cavity has the advantage that more than the usual 3 % of the photons are emitted into the zero phonon line (ZPL). Hence, entanglement generation by interference of ZPL photons at a beam splitter [23, [48] [49] [50] may be further sped up by coupling to a cavity featuring a mode in resonance with the NV-ZPL. However, a modification of the population dynamics, such as Purcell enhancement of emission, also influences the spin-dependent fluorescence contrast C. Bogdanov et al. showed for NV ensembles in nanodiamonds, that the contrast decreases when reducing the emitter's lifetime by coupling to plasmonic islands. [46] Furthermore, Babinec et al. in a theoretical study found that the spin read-out SNR achieves a maximum value for Purcell-factors on the order of 1. [51] In this article, we report on the SNR enhancement achieved by coupling NV centers to a two-dimensional PhC cavity. Starting from ultrapure single crystal diamond membranes bonded on a sacrificial silicon substrate and thinned by reactive ion etching (RIE), two-dimensional PhC cavities are fabricated by focused ion beam (FIB) milling at thoroughly characterized and carefully selected membrane positions. [52] NV centers are subsequently incorporated into the PhC cavities by a high resolution AFM implantation technique. [53] A FIBmilled hole in the AFM-tip serves as an aperture, which enables the accurate implantation of nitrogen into the cavities. We activate the NV centers by extensive post processing, i. e. annealing and cleaning procedures. We here also report on the deterministic spectral tuning of a cavity mode in resonance with the NV-ZPL using thermal oxidation of diamond as well as condensation of residual gas in the cryostat. We finally experimentally measure and theoretically simulate the change in spin-dependent fluorescence contrast C and SNR on resonance.
II. CAVITY FABRICATION AND NV INCORPORATION
A. Sample system with FIB-milled cavities
The Purcell-factor F, quantifying the lifetime reduction achieved by the emitter-cavity-coupling is directly proportional to the ratio of quality factor Q and modal volume V of a PhC cavity mode. The Q-factor is strongly dependent Figure 1 . (a) A silicon substrate structured with windows on the scale of 150 × 150 µm 2 is spin-coated with a 50 nm thick HSQ layer. A CVD-grown, ultrapure, single crystal diamond film is positioned on the HSQ layer generating an air suspended diamond membrane. After RIE thinning from the topside the diamond has a final thickness of a few hundred nanometers. PhC cavities are produced by FIB milling at pre-selected defect-free spots with a suitable thickness. (b) Scheme of a M0-cavity generated by a slight shift of two adjacent holes. (c) Photoluminescence (PL) spectroscopy of a M0-cavity at room-temperature. The cavity mode at 644.8 nm features a FWHM of 0.078 nm, corresponding to a Q-factor of 8250. The spectra were taken with an integration time of 30 s under non-resonant laser excitation at 532 nm and a laser power of 1 mW.
on the precision of fabrication and deviations from the design parameters. In order to produce PhC cavities with modes featuring a high Q-factor and a spectral position close to the NV-ZPL, diamond membranes with a precise thickness are required. However, due to polishing wedges as well as local deviations in the etching rate during RIE-thinning the thickness typically varies over the diamond film by several hundred nanometers. [52] Therefore, the thinned membranes need to be characterized carefully in order to select suitable spots for the subsequent cavity production. The challenge in FIB milling of the PhC array is the fabrication of regularly hole patterns with vertical hole sidewalls. Conical shapes with typically observed inclination angles of as large as 9 • may degrade the Q-factor by one order of magnitude. [52, 54] The fabrication process and characterization methods are described in detail in our previous publication [52] . The sample system is depicted in Fig. 1a . As starting material we use 30 µm thick, chemical vapor deposition (CVD) grown, (001)-oriented, ultrapure, single crystal diamond membranes (electronic grade quality, ElementSix) with a nitrogen concentration below 5 ppb. At first, the diamond film is etched by RIE in an Ar/O 2 -plasma to remove 5 µm of the surface material as its quality is degraded due to the polishing process. [55] After acid-cleaning, the remaining 20 µm thick diamond film is, mediated by a spin-coated 50 nm thick layer of hydrogen silsesquioxane (HSQ XR-1541-002, DowCorning), bonded to a silicon substrate containing pre-fabricated windows. Curing the sample system at 600 • C renders the bond persistent during the post-processing and cleaning procedure required after FIB milling as well as for removing damages in the diamond crystal lattice after nitrogen implantation (see section II B). Furthermore, the stable bond allows measurements at liquid helium temperatures. The final membrane thickness of a few hundred nanometers is finally reached by further RIE thinning from topside. The membranes are subsequently characterized by laserscanning microscopy, cross-section measurements, and quantitative dispersive X-ray spectroscopy. The combination of these methods allows us to map the thickness of the diamond films as well as the surface structure with high resolution, enabling the selection of defect-free spots featuring a suitable thickness for the fabrication of PhC cavities. M0-cavities generated by a shift of two adjacent holes (Fig. 1b) are fabricated by FIB milling. The hole radii of R = 68 nm and the lattice constant of a = 250 nm of the photonic crystal array are chosen such, that the cavity modes match the NV-ZPL position at 637 nm. In addition, the M0-cavity is optimized by slight changes in position and/or radii of holes close by the point-defect. [56] The simulated Q-factor of the cavity mode is 320 000 at a mode volume of 0.35 (λ /n) 3 . Optimizations in the FIB milling process as for instance the use of overmilling and drift control programs, realizing a chamber pressure below 5 · 10 −6 mbar and a temperature stabilization of the ion-column as well as the deposition of a metal protection layer prior to FIB milling reduce the conical hole shape to below 4 • , optimize the hole positions within the pattern and lead to sharp and well-defined hole edges. After an extended post-processing, consisting of annealing steps in vacuum at 1000 • C and acid-cleaning, the fabricated cavities are analyzed in a home build confocal setup. The PhC cavities feature modes with Q-factors up to 8250, as depicted in Fig. 1c . Hence, the obtained Q-factors reach the same order of Q-factors of two-dimensional PhC cavities with small modal volumes (around one cubic wavelength) and a spectral mode position close to the NV-ZPL as currently observed from RIE fabrication methods. [40, 44, 57] 
B. NV incorporation by AFM implantation
This section summarizes how we generate NV centers located at the field maximum of the PhC cavity. As we used ultrapure diamond as starting material, at first nitrogen has to be implanted. In the past few years several high resolution implantation techniques were developed, most of them masking the sample surface by spin-coated photoresist films, [58, 59] Mica layers, [60] transferred silicon hard masks [61] as well as structured AFM-tips, [53] each featuring small holes as apertures. Also a maskless FIB-implanter was realized. [62] The last two techniques have the outstanding advantage, that the implantation spot can be positioned relative to previously produced nanostructures with an accuracy at the nanoscale. Whereas the lateral resolution of a nitrogen FIB implantation is about 100 nm at a typical acceleration voltage of 30 kV, nitrogen may be implanted through an AFM-tip with a lateral resolution of up to 20 nm at a typical implantation energy of 5 keV. [63] As precise positioning is crucial for efficient cavity coupling, we here use the AFM-tip technique.
The home built AFM-setup combines a conventional lowenergy ion source for generation and acceleration of nitrogen ions with an AFM-unit. A small hole is FIB-milled close to the apex of the pyramidal AFM-tip which is positioned over the implantation spot (Fig. 2a) . To align the AFM-tip relative to the sample, AFM-scans are performed prior to every implantation (Fig. 2b) . The lateral implantation resolution with regard to the diameter of the AFM-aperture of 70 nm, the alignment accuracy of the tip to the sample of about 1 nm, and the ion straggle in diamond of 3 nm at the chosen implantation energy of 5 keV yields a total accuracy of 74 nm. Note that small straggling effects of ions at the edges of the 70 nm aperture are not included in the analysis above and are under present investigation. The expected implantation depth of the nitrogen ions in (001)-oriented diamond samples is 13 nm on average [64] and the expected yield about 0.8 %. [65] The implantation dose aiming at one NV center per cavity is calculated to 2.7 · 10 12 ions/cm 2 . As the generation of NV centers is a statistical process, the final implantation doses were varied between half and triple of the calculated value. After implantation, an extensive post-processing is required in order to restore a good diamond crystal quality and to activate NV centers. At first, the samples are therefore annealed in vacuum (p ≤ 10 −6 mbar) at 900 • C for 10 h. Subsequently, oxidation of the samples at 450 • C for 3 h in air atmosphere and acid cleaning (5 h in a tri-acid mixture of perchloric, sulfuric and nitric acid) removes graphitic residuals from the surface and provides an oxygen termination. Hence, the possibility to obtain negatively charged NV centers within the PhC cavity is enhanced. [66] In Fig. 2c a typical spatially resolved photoluminescence (PL) image after post-processing is shown. Generated NV centers are localized in the PhC cavities as well as outside the area masked by the AFM-cantilever. This observation is in agreement with the results of additionally performed optically detected magnetic resonance (ODMR) measurements, which reveal a dip at frequencies around 2.87 GHz, characteristic for NV centers, [7] inside the cavities and no hints of NV cen- The cavity mode has a Q-factor of 2060. In addition, a spectral line around 638 nm is observable, attributed to the NV-ZPL. The blue and the red curve are spectra with a horizontal/vertical polarization filter in the detection path. (e) By zooming into the spectrum around 638 nm two peaks get clearly visible, which can be fitted by Gaussian lines (gray). The spectra were taken with an integration time of 120 s. The laser excitation in (c-e) was carried out at a wavelength of 532 nm and a laser power of 500 µW.
ters within the surrounding PhC arrays. The cavities were further examined with PL spectroscopy at low temperatures. In Fig. 2d and 2e PL spectra of the M0-cavity with the lowest applied implantation dose are shown. Besides the cavity mode spectral lines around 638 nm are visible featuring Gaussian shapes with half widths (FWHM) of 200 GHz and 370 GHz, respectively. We performed photon correlation (g 2 ) measurements to estimate the number of generated NV centers. As the g 2 results did not show a dip but Poissonian photon statistics we have to assume that a few NV centers were created inside the cavity volume. The deviation from the expected implantation yield might be explained by a large number of defects in the material as a consequence of the PhC fabrication process, providing a high density of vacancies for NV center creation. In addition, the emission lines might be shifted by local strain and strongly broadened by spectral diffusion due to nearby charges. [67, 68] III. RESONANCE TUNING
In the past few years several techniques have been developed for the deterministic tuning of cavity modes into resonance with the ZPL of color centers. A well-established but irreversible method is the oxidation of diamond in an air or oxygen atmosphere. [41, 69] At temperatures above 450 • C the diamond surface starts to oxidize, the thickness of the diamond membrane decreases with an accompanying enlargement of the hole diameters. Larger holes as well as thinner diamond films lead to a spectral blue shift of the cavity modes. Finite Difference Time Domain (FDTD) simulations predict a blue shift of 12 nm for our M0-cavity if 5 nm diamond are removed from the surface. On the other hand, cavity modes have been successfully redshifted by condensing inert gases like xenon or nitrogen on the sample's surface, [41, 70, 71] thereby increasing the sample thickness and reducing the hole radii. In contrast to the oxidation technique, a tuning by gas adsorption is a reversible process where heating the sample enables the residual-free removal of the condensed layers. [71] In the following we focus on the M0-cavity implanted with the lowest implantation dose of 1.35 · 10 12 ions/cm 2 , featuring a cavity mode with a Q-factor of 2060 (spectra in Fig. 2d and 2e). At first, the oxidation technique described above, using a temperature of 525 • C, is applied to tune the cavity mode to shorter wavelengths. After tuning and acid-cleaning the resulting mode position is 634 nm. In a second step, the residual gas present in the sample chamber of the cryostat (Attodry 2100, Attocube) is adsorbed to the sample, allowing a redshift of the cavity mode under continuous optical control: we observed that during PL measurements at room- temperature and a pressure of 10 −4 mbar cavity modes show a red shift under continuous laser excitation at 532 nm. Furthermore, only the modes of a cavity directly irradiated with laser light are affected and the observed shift rates scale with the power. All these observations may be explained as follows: as the vacuum pump is attached at the topside of the cryostat, pumping leads to an efficient removal of lightweight molecules, whereas heavy gas molecules, e. g. hydrocarbons, partly remain in the sample chamber. Based on the observations we assume a light-assisted adsorption of residual gas molecules onto the sample's surface. [71, 72] Under illumination with 1.5 mW of laser light at 532 nm we observe a shift rate of the cavity modes of approximately 1.8 nm/h. The Qfactor remains almost unchanged with Q = 2021 after tuning. Importantly, after further pumping and cooling to liquid helium temperatures no further mode shifts are observable under laser illumination. We point out that the described tuning by gas adsorption is a reversible process. Heating the sample to 400 • C in air atmosphere resets the sample to the initial state before the gas adsorption. The PL spectra depicted in Fig. 3a show a strong enhancement of the ZPL intensity by tuning the cavity mode on resonance. We further observe an enhancement of the saturation count rate filtered in a 2.5 nm wide window by a factor of 2.8 from 13.6 kHz to 37.5 kHz (Fig. 3b) . Furthermore, the emitter's lifetime decreases from 9.0 ns at a spectral mode position of 634 nm to 8.0 ns in resonance with the NV-ZPL. The recorded lifetime traces (Fig. 3c ) feature a double exponential decay. The second time constant on the order of 1 ns may be attributed to fast decaying fluorescence in the diamond membrane (background). Moreover, PL spectra allow for the estimation of the fraction of emission into the cavity mode as well as the resulting Purcell-factor. The deduced spontaneous emission coupling factor on resonance is β * = I mode /I total = 18.3 % (Fig. 3d) . As the incorporated NV centers feature an off-resonant Debye-Waller factor of 2.1 %, we conclude that the emission fraction into the ZPL is strongly enhanced due to the cavity coupling. The β * -factor finally enables us to calculate the total Purcellfactor to be 1 + F * = 1.224. We modeled the total Purcellfactor 1 + F * on resonance by using a phonon assisted cavity coupling model presented in [73] . With the Q-factor and modal volume V of the cavity mode as well as the measured linewidths of the ZPL and the sideband transitions of the NV centers a Purcell-factor of 1 + F * = 4.9 is predicted. The experimentally determined value of 1 + F * = 1.224 is reduced due to a non-perfect lateral positioning of the implanted NV centers relative to the mode field, a shallow implantation depth as well as a non-perfect dipole orientation in the used (001)-oriented diamond samples. The model further correctly predicts the experimentally observed lifetime reduction.
To analyze the NV-ZPL in detail despite the existing resonance with the cavity mode, a photoluminescence excitation (PLE) spectrum was recorded for wavelengths between 636.2 nm and 638.5 nm. In the spectrum depicted in Fig. 4 it is noticeable, that only one of the previously detected two emission lines (see Fig. 2e ) remains. In the PLE spectrum this line at 637.4 nm has a half width of 360 GHz, in good agreement with the value of 370 GHz deduced from the PL spectra. The absence of the second line is most likely due to the removal of shallow implanted NV centers during the extended tuning steps by oxidation. 
IV. SNR ENHANCEMENT
To estimate the SNR enhancement due to the emitter-cavitycoupling we at first have to consider the change in the photon count rate N 0 . For this, we have to take into account the shortening of the emitter's lifetime as well as the change in collection efficiency. Furthermore, for the SNR the change in spin-dependent fluorescence contrast C has to be considered. To this end, a reliable methodology is required to compare the contrast before and after tuning the cavity mode in resonance with the NV-ZPL.
A. Light extraction from a PhC cavity
We simulate the emission of the cavity-coupled NV centers using a finite element software (FDTD solutions, Lumerical) by modeling the emission of an electric dipole point source positioned in the mode field maximum. The simulated photonic nanostructure features the same number of holes as the produced M0-cavity where the holes have a conical shape with an inclination angle of 4 • (see section II). We calculate the emission fractions in the two half-spaces above and below the PhC as well as the collection efficiency for a microscope objective (NA = 0.8) positioned vertically above the diamond membrane. Each simulation is performed for a E z dipole oriented vertically to the diamond film as well as for the in-plane dipoles E x and E y . These dipoles are oriented such that the cavity mode is fed by the E y dipole whereas the E x dipole has orthogonal polarization. The orthogonality of the dipoles also allows us to calculate the emission for arbitrary dipole orientations as discussed below.
As an example we show in Fig. 5a a simulation for the E y dipole. We find that the collection efficiency drops to 3.4 % at the resonance wavelength of the cavity mode, whereas for other wavelengths within the photonic band gap collection efficiencies around 25 % are achieved. This minimum arises from a modified directional characteristic of the emitted light. Two factors play a role here: first, the fraction of photons emitted in the top half-space decreases at the mode's resonance wavelength from values over 50 % to values below 12 % (Fig. 5a ). Second, a smaller part of the photons emitted in the top half-space (below 57 % instead of over 62 %) can be collected within the NA at the resonance wavelength of the mode (Fig. 5b) . The NV emission dipoles are oriented in the (111)-plane of the diamond lattice. For the small NV ensemble in our experiment we average over all possible dipole orientations within the (111)-plane. As the used diamond material features a (001)-orientation, the 111 -axis exhibits an angle of 35.3 • to the xy-plane (membrane plane). The projection of the averaged NV dipoles onto the x or y-axis amounts to 24 % and 52 % onto the z-axis. To calculate the resulting collection efficiency for our NV ensemble, also the Purcell-factors for the three dipole orientations have to be considered. The emission directivity of photons emitted into the cavity mode is only determined by the mode emission directivity. Further, the emission directivity of off-resonant photons is defined by the photonic nanostructure. Considering this, we first calculated the spontaneous emission ratesγ i of the projections of the averaged NV dipoles onto the x, y and z-axis considering the corresponding Purcell-factors F i as follows:
with the free-space spontaneous emission rate γ, k i = 0.24 for i = x, y and k i = 0.52 for i = z. Subsequently, the fraction of emission produced by the averaged NV dipole projected to the x, y or z-axis may be calculated by normalizing the spontaneous emission ratesγ i to the sum over all these rates. To finally calculate the collection efficiency at the given dipole orientation, the simulated collection efficiencies for a dipole oriented in x, y or z-direction are weighted with the respective fraction of emission and the resulting values summed up. For the optical read-out of the NV electron spin we can distinguish between two fundamental cases. In the first case only ZPL photons are considered. This is for instance the case, if indistinguishable photons are required. On the other hand, for projective spin read-out generally all the emitted photons are used, e. g. if NV centers are used as magnetic field sensors on the nanoscale. [19] [20] [21] [22] The simulations predict a collection efficiency of 3.9 % for the off-resonant mode position at 634.0 nm, which is slightly reduced to 3.4 % in resonance with the NV-ZPL. Hence if for the spin read-out only ZPL photons are used, the collection efficiency drops by a factor of 0.87. If in the second case all emitted photons are used for the spin read-out, the collection efficiency drops only by a factor of 0.97. The reduction in the second case is smaller, as only a fraction of the emitted photons is affected by the dominant decrease of collection efficiency at the resonance wavelength of the cavity mode.
B. Fluorescence contrast measurements
We apply a protocol composed of three succeeding measurements for the reliable and reproducible determination of the time-resolved, spin-dependent fluorescence contrast of the cavity-coupled NV centers. For the considered offresonant spectral mode position at 634 nm at first a ODMRmeasurement under continuous laser and microwave excitation is performed. An external magnetic field of 2 mT is applied to split the two ground state sublevels m s = −1 and m s = +1. Hence, in the ODMR-spectrum in Fig. 6f , two dips are visible belonging to the resonance frequencies of the ground state transitions from m s = 0 to m s = −1 and m s = +1 respectively. In the following we only focus on the transition to the m s = +1 sublevel featuring a resonance frequency of ν +1 = 2.917 GHz. For all presented measurements the optical excitation of the NV centers coupled to the M0-cavity is carried out in the PL saturation regime.
To determine the population inversion time a Rabi measurement on the transition m s = 0 to m s = +1 is performed (Fig. 6a) . From the observed damped Rabi oscillations a π-time of 550 ns and a spin coherence time of T * 2 = 1.5 µs is deduced. The value of T * 2 is in accordance with typical spin coherence times observed for shallow NV centers in nanophotonic structures based on single crystal diamond. [74] This indicates that our PhC fabrication process does not adversely influence the NV spin coherence properties.
In Fig. 6b we present the time-resolved, spin-dependent fluorescence. Here, after spin initialization a resonant microwave π-pulse is applied, resulting in a preparation of the NV centers in the m s = +1 state. During the spin read-out a 50 ns wide photon detection gate is temporally shifted. For each gate position the measurement is repeated for a NV preparation in the m s = 0 state and the difference of the two fluorescence curves, the time-resolved fluorescence contrast, calculated. As expected, the fluorescence curves at first rise for both spin states whereas the count rate for the m s = 0 state (bright state) is generally higher as for the m s = +1 state (dark state) with a maximum contrast of C = 4.2 %. With progressing laser excitation time both fluorescence curves converge towards a joint value, indicating an equilibrium, spin-mixed state. Whereas the fluorescence contrast measured on single NV centers under zero magnetic field can reach values of 20 % [75] to 30 % [12] , for NV ensembles in a magnetic field contrasts of only a few percent are expected. [76] Possible reasons are lattice and surface defects introduced by FIB milling, impairing charge state stability and spin coherence of the shallow implanted emitters. [76, 77] Furthermore, a strain gradient may locally alter the ground state splitting. Hence, different emitters of the considered small NV ensemble may feature slightly different resonance frequencies. Subsequently, the cavity mode is tuned into resonance with the NV-ZPL (see section III). As for the tuning process the sample has to be dismounted from the cryostat, a repositioning of the microwave antenna, an air suspended gold wire loop mounted on a positioner, is required after remounting the sample. To establish comparable experimental conditions we position the antenna in such a way that a π-time of 570 ns is reached (Fig. 6d) , in good agreement with the π-time of 550 ns (Fig. 6a) for the NV-ZPL off resonance with the cavity mode. We follow the same protocol as in the off-resonant case to measure Rabi oscillations (Fig. 6d) as well as fluorescence curves (Fig. 6e) on resonance. When comparing the resulting time-resolved fluorescence contrast on-and off-resonance (Fig. 6c) , we find a small reduction of contrast of 1.5 % on resonance (integrated over the entire time interval in Fig. 6c ).
C. Rate equation model
To analyze the measured spin-dependent fluorescence contrast we set up a rate equation model following Wolf et al. . [14] In this model a NV center is adopted as a five level system (Fig. 7a) , consisting of the two ground states m s = 0 and m s = ±1, respectively, the corresponding excited states and a long-living singlet state. For the modeling we assume that the excitation rates out of the two ground states are identical for the non-resonant laser excitation. [78] Furthermore it is assumed that the emission rates from the excited to the ground states of the triplet system are spin independent. [79] In addition, the transition rate from the excited m s = 0 state to the singlet state is neglected as this rate is four orders of magnitude smaller than the corresponding transition rate for the m s = ±1 state. [8, 79, 80] As a further assumption the transition rate from the singlet state to the m s = ±1 ground state is neglected, because the rate to the m s = 0 ground state is about six times larger. [8, 9] By reason of these assumptions a spinmixing, leading to a statistical mixture of m s = 0 and m s = ±1 states due to the spin-selective intersystem crossing is already included in the model. Such a spin-mixing was both theoretically predicted [9, 14, 46] and experimentally confirmed. [8] If, however, the only spin-mixing process was due to ISC, the modeled population would end up in the m s = 0 state for sufficient long-lasting laser excitation and the modeled fluorescence would thus be maximized. Instead, the spin-dependent fluorescence curves in our experiment ( Fig. 6b and 6e ) as well as for other NV centers (see e. g. [11, 13] ) show a convergence of the fluorescence and hence the populations towards a steady state. Therefore a further spin-mixing has to be included in the model. Wolf et al. propose as additional spinmixing mechanisms on the one hand a radiative spin-mixing between the excited and ground states of the triplet system and on the other hand a purely non-radiative spin-mixing between the excited states. [14] As can be seen in Fig. 7b and 7c , respectively, the measured data may be fitted well under the assumption of a radiative spin-mixing and, in particular, better than under the assumption of a non-radiative spin-mixing in the excited state. However, Kalb et al. demonstrated that a radiative spin-mixing occurs only with a probability of well below 1 % and hence should not be the dominant spin-mixing mechanism in our experiments. [8] Instead, the reason for the additionally observed spin-mixing mechanism is that in our experiments we apply an external magnetic field to split the ground states of the NV centers (see section IV B). As the diamond sample features a (001)-surface and the magnetic field an orientation vertical to the diamond's surface, the magnetic field exhibits an angle of here 54.7 • to the magnetic dipole axis of the NV centers. As now both ground and excited states consist of superpositions of bare, zero-field spin states, optical transitions with spin flips become allowed resulting in an effective radiative spin mixing. [81] Furthermore, the rates of ISC transitions are modified. Therefore, in summary, the data are fitted appropriately under the assumption of a spin-mixing due to ISC and by radiative transitions in the triplet system. In the following we assume for simplicity that the spin-mixing induced by the off-axis magnetic field is the same for excitation and emission. With this, the following rate equations are set up, determining the internal dynamics of a NV center: K s the transition rate from the excited m s = ±1-state to the singlet state, K 0 the transition rate from the singlet state to the m s = 0 ground state and K m the rate of the radiative spinmixing induced by the off-axis magnetic field. As the measurements are performed in the PL saturation regime, the relation K e = K f holds in the following. According to the measured off-resonant lifetime value of 9.0 ns, a decay rate of K f = 111 MHz is set in the model. With the parameters K e and K f fixed, the rate equations are solved and the simulated time-resolved fluorescence is fitted to the measured curves by varying the free parameters K 0 , K s and K m (Fig. 7b) . From this fit a spin-mixing rate of K m = 1.35 MHz, a transition rate to the singlet state of K s = 1.79 MHz and a transition rate to the m s = 0 ground state of K 0 = 5.80 MHz are determined. These rates allow us to theoretically predict the time-resolved, spin-dependent fluorescence contrast on resonance. Fig. 7d shows the fluorescence contrast simulated by the rate equation model for the cavity mode on and off resonance with the NV-ZPL. The theoretically predicted fluorescence contrast on resonance is slightly lower than for the off-resonant case. This is expected, as the emission rate K f scales with the Purcell-factor and the probability for spin-mixing is the larger the more fluorescence cycles occur per time unit. Depending on the position as well as the size of the temporal read-out window, a reduction of the fluorescence contrast by tuning the mode into resonance with the NV-ZPL of up to 5 % is theoretically predicted. For a realistic read-out photon gate of 250 ns, as for instance typically used for the acquisition of Rabi measurements, the fluorescence contrast would be reduced by 4.1 %. Such a reduction is conformable with the experimental results (see section IV B).
D. Implications for the SNR
We now discuss the modification of the spin measurement SNR induced by the modified photon collection and modified spin-dependent fluorescence contrast due to the cavity coupling. With equation (1) as well as the appropriate assumption of small contrasts, we arrive at:
where variables with (without) a star indicate the on-(off-) resonant case. Based on the presented measurements as well as the theoretical modeling we assume in the following a reduction of the spin-dependent fluorescence contrast by 4.1 %, i. e. C * /C = 0.959. Due to the lifetime reduction the number of emitted photons is increased by a factor of 1.13, when the mode is tuned into resonance with the NV-ZPL. If we, in a first scenario, consider only ZPL photons for spin read-out, the collection efficiency is reduced by a factor of 0.87 (see section IV A). Furthermore, the fraction of photons emitted into the ZPL is modified from 2.1 % off resonance to 18.3 % on resonance (see Fig. 3d ), resulting in an enhancement factor of 8.7. The total estimated enhancement of the collected photons by applying a narrow-band photon detection around the ZPL is hence N * 0 /N 0 = 1.13 · 0.87 · 8.7 = 8.5 and the SNR, also taking the contrast reduction of C * /C = 0.959 into account, thus enhanced by a factor of ζ = 2.8. As a result, the SNR is almost tripled by tuning the mode into resonance with the NV-ZPL. If we, in a second scenario, consider the collection of all photons for the spin read-out, we cannot benefit from the higher emission fraction into the ZPL any more, but the number of emitted photons is still enhanced by a factor of 1.13 due to the lifetime shortening on resonance. The collection efficiency is here reduced by a factor of 0.97 (see section IV A). Altogether the number of detected photons by applying a broad-band photon detection is enhanced by a factor of N * 0 /N 0 = 1.13 · 0.97 = 1.10, resulting in a very small SNR enhancement of about 0.5 %. In summary, the cavity coupling of NV centers as demonstrated here leads to a spin read-out SNR enhancement of up to a factor of ≈ 3. This factor is within the same order of magnitude as the SNR enhancement achieved by other methods for improving the photon collection efficiency. [5, 13, 31] V. CONCLUSIONS In summary, we reported on the SNR enhancement of the optical spin read-out achieved by tuning the mode of a twodimensional PhC cavity into resonance with the NV-ZPL. To achieve this, ultrapure (001)-oriented CVD-grown diamond films were used as starting material for the RIE fabrication of thin, air-suspended membranes. An extended characterization allowed us to select defect-free spots featuring a suitable thickness for the subsequent fabrication of PhC cavities by FIB milling. The analyzed cavity modes showed Qfactors of up to 8250 at mode volumes of less than one cubic wavelength. The application of a high-resolution implantation technique using a pierced AFM-tip allowed the subsequent generation of NV centers in the cavities. The combination of two spectral tuning methods, an oxidation technique for the blue shift and a gas adsorption technique for the red shift, facilitated the reliable and precise tuning of a cavity mode. For the considered cavity-coupled NV centers the SNR was almost tripled. A theoretical model, taking into account the measured shortening of the emitter's lifetime, the measured and theoretically predicted change in fluorescence contrast as well as the simulated modification of the collection efficiency reproduces the experimental findings very well. Whereas the reported SNR enhancement is on par with simpler methods for photon collection enhancement, [5, 13, 31] it could be still increased by a further optimized cavity coupling: a (111)-oriented diamond sample with an optimal dipole orientation may lead to a fourfold enhancement of the total Purcell-factor. For an optimal implantation depth in the center of the diamond film, instead of the shallow implantation, the Purcell-factor may be further increased by a factor of 3.2. In total, for an optimal cavity coupling our theoretical model predicts a SNR enhancement by a factor of more than 6. A possible method to reach this is a change of the fabrication order such that at first NV centers are implanted into the diamond film and subsequently a PhC cavity is fabricated around. This would allow a maskless implantation with higher energies resulting in deeper implanted NV centers. Subsequently, NV centers could be pre-characterized and suitable single emitters chosen, featuring an ideal dipole orientation. Alternatively, also improved nanoimplantation techniques such as a maskless FIB-implantation of ions with high lateral resolution are in reach. [82] Eventually, the here generated NV centers feature an optical linewidth of several hundred GHz, whereas narrow line widths below 100 MHz are accessible, [83] at least in µm-thin RIE-etched diamond membranes. Smaller linewidths would further increase the total Purcell-factor. Therefore, in conclusion, higher SNR enhancements are within reach with the method presented here. 
